Odor plumes are common features of aquatic and terrestrial environments, forming an olfactory landscape through which animals must navigate to locate resources and avoid potential hazards. Time-averaged concentration profiles suggest that plumes consist of stable gradients in odor that animals may use for orientation. However, the time scales necessary to generate such profiles are much longer than those typically associated with the neural or behavioral components of odor-mediated search. In contrast, plume measurements made at biologically relevant scales have indicated that turbulent plumes consist of discrete odor filaments separated by clean water. In addition, certain characteristics of individual odor filaments may vary consistently with distance from the odor source, thus providing directional information to a navigating organism. Unfortunately, there is no method to predict the distribution of these putative chemical cues, and our knowledge of odor dispersal is limited to very few laboratory flume studies. Here, we present the results of a field study during which we measured the distributions of the time-averaged concentration, properties of odor filaments, conditional statistics, and relevant hydrodynamic mixing parameters. Many of the observed odor plume characteristics have similar spatial distributions through a range of hydrodynamic conditions. The high degree of similarity in the distribution of many odor plume characteristics suggests that organisms can rely on any number of metrics to successfully orient in an odor plume. However, the temporal and spatial scales of odor dispersal may constrain the strategies used by navigating organisms and influence the efficiency of odor-mediated search. These field results should provide the basis for further empirical and theoretical work on chemosensory-mediated behavior of aquatic animals.
The chemical cues used in olfaction are released from a wide variety of sources that can be active (i.e., odors are intentionally released for communication purposes) or passive (i.e., odors are the byproduct of processes such as respiration or disturbance). Plumes of these dissolved compounds make up the olfactory landscape (Nevitt et al. 1995; , a dynamic sensory environment used by animals in a number of important ecological interactions. For example, in marine systems, odors are used in mating (Atema and Engstrom 1971; Beach et al. 1975; Gleeson 1980) , foraging (Mathewson and Hodgson 1972; Kleerekoper et al. 1975; Rittschof 1980 Rittschof , 1992 Sloan and Northway 1982; Brown and Rittschof 1984; Himmelman 1988; Valentincic 1991; Zimmer-Faust 1993, 1994) , and habitat selection (ZimmerFaust and Spanier 1987; Sweatman 1988; Woodin 1991; Pawlik 1992; Boudreau et al. 1993) . These examples highlight the range of taxa (crustaceans, gastropods, echinoderms, fish), habitats (abyssal, estuarine, temperate coastal, tropical reef), and ontogenetic stages (larval, juvenile, adult) for which olfactory-mediated behavior has been demonstrated. Turbulent plume transport An organism's ability to orient to an odor plume depends on the temporal and spatial distribution of odorant in the water column. Water motion, and therefore odor dispersal, is dominated by turbulence for the vast majority of habitats and macroorganisms (Denny 1993; Vogel 1994) . Subsequently, organisms detect chemical cues when the turbulent plume contacts sensory structures carried internally (e.g., in gill chambers) or externally on the body surface (e.g., on antennae or legs). Thus, the temporal and spatial distribution of odor molecules in the plume interacts with the temporal and spatial resolution of sensory arrays to determine the olfactory signal delivered to an organism for processing by the nervous system.
The dispersal of odor plumes has been studied extensively over the last 40 yr. Early attempts to describe odor concentration profiles using the statistical Gaussian distribution assumed homogeneous mixing of odor within the plume (Wright 1958; Crisp and Meadows 1962; Bossert and Wilson 1963) . However, these workers also recognized that rapid fluctuations in concentration tended to overwhelm such time-averaged Gaussian concentration distributions at short temporal scales (Wright 1958; Bossert and Wilson 1963) . The use of fast ion detectors in terrestrial habitats (Murlis and Jones 1981) and conductivity (Moore and Atema 1988) , fast-fluorometric , and electrochemical microprobes (Moore et al. 1989) in aquatic habitats has allowed measurement of the rapid concentration fluctuations characteristic of turbulent plumes at biologically relevant temporal and spatial scales. It is now widely recognized that turbulent chemical plumes consist of discrete propagating packets or filaments separated by non-odor-laden fluid (Murlis and Jones 1981; Moore and Atema 1991; Zimmer-Faust et al. 1988 .
At present, we do not have the means to make predictive hypotheses concerning the distribution of odor filaments in turbulent plumes, nor is it possible to present a comprehensive theory of olfactory-mediated search based on the physical dynamics of a particular habitat. However, we may be able to summarize the statistical properties of dispersing plumes across space and time. If such summaries prove consistent through a range of flow conditions, it may be possible, using only a few physical measurements, to predict odor plume characteristics and to generate hypotheses concerning subsequent animal responses. This capability would provide a major experimental and theoretical advantage over the current necessity of measuring detailed odor plume characteristics in situ for every case of interest.
The statistical tools for describing mean and variance measurements for plume concentration fluctuations have been developed by atmospheric researchers driven mostly by pollution and chemical warfare concerns (Hanna and Insley 1989; Mylne and Mason 1991; Yee et al. 1993b ). These tools, based predominantly on spectral properties of turbulent plumes and conditional sampling of concentration time series, provide a direct link between the fluid environment and the distributions of chemical stimuli. For example, Mylne (1992) demonstrated that a general description of plume morphology and large scale mixing phenomena such as meandering can be drawn from turbulence measurements in the fluid environment. In addition, Yee et al. (1993b) were able to use a single probability density function to describe concentration fluctuations at all points in a turbulent plume. Until now, these techniques have not been applied to the investigation of odor-plume-related behaviors of aquatic organisms.
Alternatively, odor plumes can be described by the distribution of the properties of individual odor filaments. Previous work seeking to couple odor plume measurements with sensory physiology has suggested that characteristics of individual odor filaments in a plume are critical to animal navigation. Under some laboratory conditions, properties of odor packets (such as the steepness of the concentration gradient at the edge of an odor packet) have been shown to vary consistently with distance from the odor source Atema 1988, 1991; Zimmer-Faust et al. 1988 ; but see Moore et al. 1994; . As a result, some of these properties have been suggested to provide navigational information to organisms Atema 1988, 1991; Zimmer-Faust et al. 1988) . However, there is very little known about how such information is distributed or perceived in field environments (but see Zimmer-Faust et al. 1988 Atema et al. 1991) .
We examined the dispersal of odor plumes in estuarine tidal channel flows using the two approaches described above. Previous field studies have shown that predators commonly use plumes similar to those studied here to forage in these tidal channel habitats (Zimmer-Faust et al. 1995) . In addition, the combination of unidirectional tidal flow, flat bottoms, and steep banks provides a natural, experimentally tractable physical environment for the study of odor dispersal. We present analyses of the hydrodynamic conditions acting to disperse a turbulent plume, the time-averaged concentration profile, the distribution of instantaneous odorpacket properties (sensu Murlis and Jones 1981; Moore and Atema 1988) , and the distribution of conditional statistics and the conditional probability density function (sensu Yee et al. 1993b ). We provide a physical description of plume dispersal and the potential consequences for biological systems.
Methods and statistical analysis
We characterized odor plumes in the field by measuring time-averaged and instantaneous concentration distributions in plumes of conservative tracers and the flow conditions dispersing the plumes. We collected three data sets concurrently for each plume characterization: hydrodynamic measurements of downstream and vertical velocity at 10 Hz; concentration measurements of electrochemical tracer at 10 Hz; and 1-min time-averaged fluorometric concentration measurements. In total, we successfully characterized six plumes in this manner (Fig. 1) . From these six trials, a total of 61 hydrodynamic and electrochemical data records and 168 fluorometric samples were collected.
Field site and hydrodynamic characterization-We performed these experiments in tidal channels at Oyster Landing in the North Inlet Estuary at the Belle W. Baruch Marine Field Lab, Georgetown, South Carolina (32Њ20ЈN, 79Њ15ЈW) during spring and summer 1994. These tidal channels have The number and spatial arrangement of sampling points differed from trial to trial, although this overall sampling pattern was adhered to. For time-averaged concentration profiles, all crossstream samples at a given distance from the plume source were collected simultaneously. Individual electrochemical samples were collected serially. This figure is not drawn to scale. sandy flat bottoms, and water flow is tidally driven and unidirectional for several hours on flood and ebb tides.
Odor plumes are transported by the ambient turbulent flow regime. We measured downstream and vertical components of velocity at 10 Hz with a 1-cm-diameter electromagnetic flow sensor (Marsh-McBirney model 523, 0.1-s time constant) and data logger (Campbell CR10). Each data record consisted of 256 points (25.6 s). The flow sensor was positioned 5 cm above the creek bottom and approximately 10-30 cm upstream from the plume source. Hydrodynamic measurements were synchronized with electrochemical measurements made throughout the plume with the IVEC-10 system. Thus, flow and electrochemical data are synchronized in time but not coincident in space. We assumed that flow conditions were homogeneous within the sampling area, a reasonable assumption given the distance from bends in the creek and the relatively flat sandy bottom of the tidal channel. Obvious large roughness elements (e.g., shells, rocks) were removed prior to plume characterization; however, ripples and mounds were left unaltered. Previous work in this tidal channel showed that roughness heights range from 0.2 cm to 2.2 cm, and analysis of roughness Reynolds numbers (Re * ) showed that boundary layer conditions were transitional or fully rough turbulent for a majority of the tidal cycle (Finelli 1997) . Water depth was measured periodically throughout the sampling period. We were restricted to working in the hours surrounding slack low tide because placement of sensors required visual contact with the plume at all times. This results in a somewhat restricted range of depth and flow speed conditions (Table 1) . Nevertheless, blue crabs and other organisms actively forage throughout the range of conditions measured here.
The dispersal of odor plumes in turbulent flows is a function of advection and turbulent diffusion in the water column. We measured advection as the mean downstream velocity (U ) and boundary layer turbulence using the friction velocity (U * , a measure of shear stress at the bed). Using the eddy correlation method, U * is related to the covariance between the horizontal and vertical components of velocity according to the relation: U * ϭ ͙cov(uЈ·wЈ), where uЈ and wЈ are the deviations from the mean streamwise and vertical components of velocity, respectively (Woodward and Sheehy 1983) . Time series of flow measurements were deconvolved before being analyzed statistically. An estimate of mean downstream flow speed (U ) and friction velocity (U * ) was calculated for each 25.6-s data record, and a grand mean per trial was determined. Turbulent plume transport Spectral analysis of flow data-Plume meandering is characterized by sinuous oscillations in the position of the plume as a whole. Such oscillations affect the gross development of the plume and might have bearing on animal navigation. We used spectral analysis to estimate eddy length scales associated with plume meandering by identifying the lower bound of the inertial subrange of the velocity power spectra. Fast Fourier transform (FFT) analysis was used to quantify the spectral characteristics of the velocity time series. Because each velocity time series consists of 256 points (25.6 s) measured at 10 Hz, the FFT produces output in 128 frequency bands ranging from 1/25.6 to 5 Hz, a range that should encompass a majority of biologically relevant data. To reduce artifact introduced by the FFT, flow data were adjusted by subtracting the mean velocity for the data record, dividing by the standard deviation (SAS Institute 1984; Szigaly et al. 1996) , and passing the data through a 256-point triangular Bartlett window (maximum value ϭ 1.0) (Jenkins and Watts 1968; Press et al. 1992) . Because of signal aliasing, values from frequencies above 3.3 Hz were discarded. Three criteria were used to identify the inertial subrange: the slope of the power spectra, the cospectral density of horizontal and vertical velocity, and the ratio of the spectral density of vertical velocity to spectral density of horizontal velocity.
Simulated odor plumes-For each plume characterization, we created a single highly visible plume of fluorescent dye and electrochemical tracer using a gravity feed drip system (similar to medical intravenous units). We used two tracer solutions: (1) a fluorometric/visual tracer consisting of a 1 g liter Ϫ1 sodium fluorescein salt (Sigma Chemical) used in creating time-averaged concentration profiles and (2) an electrochemical tracer consisting of a mixture of 2 mM dopamine (3-hydroxytyramine, Sigma Chemical) and 20 mM ascorbic acid (Sigma Chemical) used to measure instantaneous concentration distributions. Tracer solutions were made using artificial seawater (Forty Fathoms) mixed to ambient salinity immediately prior to use. Tracer solutions were released from separate bottles (Toptainer, Ross Industries) through adjoining tubes (Intramedic 7431, 1.1 mm inside diameter). Separate containers and drip tubes were used to avoid precipitation of the fluorescein salt in the presence of the ascorbic acid solution. Outlet tube ends were attached to a stainless steel spike pushed into the sediment. The resulting plume emanated from an essentially single source, 3 ϫ 1.5 mm, positioned at the sediment surface (Յ5 mm above the surface) such that inlet flow was nearly parallel to mainstream tidal flow. Input flow rate was set to 6 ml min Ϫ1 using a thumb roller attached to the tubing, resulting in an inlet velocity of ഠ10 cm s Ϫ1 (Re jet ഠ 300). At this inlet velocity, input flow rate was nearly isokinetic with mainstream flow; thus, the plume was primarily dispersed by ambient turbulent motion rather than its own momentum. This approach stands in contrast to that described by , where plumes were characterized by a strong near-field jet region. In addition, all plume measurements were made at downstream distances Ͼ30 times the inlet diameter, placing most measurements outside of the near-field jet region (List 1982) .
Time-averaged plume measurements-Time-averaged plume measurements were made using a bank of 12 20-ml syringes drawn simultaneously over a 1-min interval and connected to a sampling ''comb.'' Each syringe was attached to 150 cm of polyethylene tubing (1.1 mm inside diameter). The tubes were spaced along the comb to sample at 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 35 , and 40 cm from the plume midline. Cross-stream profiles were collected sequentially starting at the plume source. We avoided disrupting flow by positioning the comb spine (1.25-cm-diameter dowel) above and downstream from the sampling area. Individual 20-ml samples were kept in glass vials and refrigerated in the dark until fluorometric analysis (Turner model 110). The practical limit of detection of fluorescein for the Turner 110 fluorometer is 10 Ϫ6 g liter Ϫ1 .
All measured values below 10 Ϫ6 g liter Ϫ1 were discarded.
Time-averaged concentration profiles vs. Gaussian model-Time-averaged concentration profiles for each plume were compared with a Gaussian model modified for application to depth-limited boundary layer conditions. The model takes the form:
where C x,y is the concentration at downstream position x and cross-stream position y, Q is the input rate of diffusing solute (ϭ0.0001 g s Ϫ1 in these experiments), U is the mean downstream velocity, h is the total water depth, and y is a factor related to the rate of cross-stream spread (Pasquill and Smith 1983) ; y ϭ (␣ y U * x)/U where U * is the friction velocity and ␣ y is an empirical constant set to 2.2 for this study (Denny 1988) . All modeled values Ͻ10 Ϫ6 g liter Ϫ1 were discarded for consistency with measured values.
The measured time-average concentration distribution was compared with the modeled values using a series of regression analyses. We regressed the measured concentration data against predicted values and tested the slope for difference from 1 to determine how well the Gaussian model predicts the time-averaged concentration profile. To determine the rate of change in concentration down the centerline of the plumes, each concentration value was normalized to the maximum predicted or measured concentration (C max ) (usually the point closest to the source). This approach places all data on a relative nondimensional scale between 0 and 1. We used nonlinear least-squares regression to fit a curve to both the predicted and the measured concentration profiles (SAS Institute 1984). The regression curves were of the form C x,0 ϭ c o e Ϫ t , where C x,0 is the concentration at a given location, x, down the midline of the plume, c o is the initial value of normalized concentration, and is the rate of exponential decrease.
Electrochemical plume measurements-High-frequency fluctuations in odor concentration are characteristic of turbulent odor plumes and may provide directional information to a navigating organism. We measured such fluctuations at 10 Hz using a customized In Vivo Electro-Chemistry System and microprobe (IVEC-10, Med-Systems). Using this sys- Fig. 2 . Representative concentration time series of dopamine as measured at a stationary point by the IVEC-10 electrochemical probe (dashed line). The measurement of the following odor filament characteristics is indicated: peak height, peak length, peak slope, and off-time. Definitions of these quantities follow Murlis and Jones (1981) and Moore and Atema (1988). tem, tracer concentration is proportional to the electric current induced by the oxidation of dopamine at the surface of a 150-m triple carbon fiber electrode. We calibrated individual concentration traces and corrected for sensor drift using sensor calibrations made immediately before and after each trial. Data were serially collected from discrete sampling locations within the plume, starting at the plume source and moving cross-stream before moving to the next location downstream. We collected 60-70 s of data at each sampling point within the plume, of which 25.6 s (256 points) were used in statistical analysis. Data segments were chosen arbitrarily, but we avoided the first and last 5-10 s of the data record. Each time series of dopamine concentration was deconvolved prior to statistical analyses.
The odor filaments that produce the high-frequency concentration fluctuations measured by the IVEC-10 system can be described by a number of parameters introduced by Murlis and Jones (1981) and subsequently modified by Moore and Atema (1988) . These parameters are the peak height, maximum peak slope, peak length, number of peaks, number of off-time periods, and duration of off-time periods (Fig.  2) . A concentration peak begins when the instantaneous concentration rises above the lower limit of instrument detection, 0.1 M, and ends when concentration dips below this threshold. Off-time is the period between successive peaks. Peaks not separated by an off-time period are considered different if the intervening low point is Ͻ30% of the preceding peak height. Peak length is the time between the beginning and end of a peak. Maximum peak slope is the maximum rate of change in concentration on the rising side of the concentration peak. Peak height is the maximum concentration of a given peak. Because a given concentration trace has multiple peaks, mean values of these parameters were calculated for each spatial position.
The centerline distributions of odor filament characteristics were analyzed using nonlinear regression techniques (SAS Institute 1984) . Centerline profiles of mean concentration, variance, peak slope, and peak height were normalized to the maximum value measured along the centerline of each plume (C max , Var max , Height max , and Slope max ), and the normalized values were fitted with a nonlinear least-squares regression. Because we were interested in the relative rates of decay in measured filament characteristics with distance from the plume source, the normalization and nondimensionalization scheme allowed us to compare the centerline profiles of all nondimensionalized parameters, including the time-averaged concentration.
Conditional statistics and exceedance properties-Conditional statistics, in which all samples with no detectable tracer are removed, have been widely used in the interpretation of atmospheric plume data. The spiky nature of the instantaneous plume results from incomplete mixing of clean water into the plume during initial plume formation and from entrainment of clean water by turbulent eddies at the plume's edge (List 1982; Mylne 1992) . Conditional sampling of the instantaneous plume in our case entailed the removal of all samples below the threshold for detection (0.1 M). Once the concentration time series was conditionally sampled, conditional mean concentration and conditional variance were calculated. The local signal intermittency, which is defined as the proportion of time that the concentration is above threshold values, was also calculated from the conditionally sampled time series. Nonlinear least-squares regressions were fitted (as described above) to the centerline profiles of the normalized conditional mean, conditional variance, and intermittency.
It is often convenient to summarize the temporal distribution of instantaneous odor concentration as the probability that instantaneous odor concentration will exceed a given proportion of the local mean concentration. To do so, the raw concentration time series was sampled conditionally, and the local mean conditional concentration was calculated. Each concentration sample in the conditional time series was then normalized to the local conditional mean for that time series. Probability density functions (PDFs) were then generated from the calculated probability of encountering odor of a given normalized concentration; 61 PDFs were estimated. The mean probability distribution was calculated for normalized concentrations from all 61 data records and plotted with the standard deviation.
Deconvolution of flow and IVEC data-Data collected by the IVEC electrochemistry system and the Marsh-McBirney flow probe are subject to artifact resulting from signal ''memory,'' which results in an exponential rather than instantaneous change of the signal after a step change in the data (sensor impulse response). In other words, after application or removal of the stimulation of the sensor, the output signal does not track the true signal immediately. The sensor signal response is exponential, taking the form c t ϭ c o e Ϫt , where c t is the measured quantity (dopamine concentration or flow velocity) at time t, c o is the initial true signal strength, is the time constant (decay constant), and t is time (Horowitz and Hill 1989) . To remove this artifact, each data record was deconvolved using Fourier transform methods prior to any statistical analyses. Deconvolution is simply the division of the Fourier transform of the data record by the Fourier transform of the appropriate exponential function (impulse response function of the sensor) (Jenkins and Watts 1968; Press et al. 1992 ).
In the case of the Marsh-McBirney flow probe, the exact form of the response function is known. By instrument design the time constant ϭ 1.0 ( ϭ sensor time constant/ sample interval ϭ 0.1 s/0.1 s). Setting the area under the curve to 1.0 and integrating results in a final form of the decay function used in deconvolution of flow data of c t ϭ 1.0e Ϫ1.0 t . The time constant of signal decrease is unknown for the IVEC system. To estimate this coefficient, individual signal spikes (near-instantaneous tracer arrival and removal) were isolated from various traces, and the exponential constant was fitted using nonlinear least squares regression. Twentyfive such regressions were used to calculate a mean time constant, , of 0.454 (Ϯ0.104 SE). Setting the area under the curve to 1.0 and integrating the function results in an impulse response function used in deconvolution of electrochemical traces of c t ϭ 0.454e Ϫ0.454 t . The effect of the deconvolution on flow records is minimal (Fig. 3B ) compared with that on the electrochemistry data (Fig. 3A) . The main effect on electrochemical measurements is to further separate adjacent concentration spikes that might otherwise appear to be part of the same event, as can be seen for the two large peaks at the far right of the trace in Fig. 3A .
Spectral properties of turbulent flow-A simple conceptual model of turbulent flows can be based on the spectral properties of velocity fluctuations (Kolmogorov 1941; Kaimal and Finnigan 1994; Szigaly et al. 1996) . The lowest frequencies of the velocity power spectrum represent the largest, most energetic eddies. As these large eddies are sheared, kinetic energy is transferred to progressively smaller eddies. At intermediate scales, an eddy cascade exists in which turbulent kinetic energy is neither created nor destroyed but simply transferred to smaller scales of motion. The highest frequency smallest eddies act to transform the kinetic energy to heat through viscous dissipation.
The lowest frequency bands of the inertial cascade determine the scales over which a plume will appear to meander, a potential problem for navigating animals. Kaimal and Finnigan (1994) described three criteria for the identification of the inertial subrange: (1) a Ϫ5/3 slope in a log-log plot of power vs. frequency (this is the 5/3 power law first described by Kolmogorov [1941] 
, where S(n) is the spectral density at frequency n); (2) the cross-spectrum, a measure of covariance in the frequency domain, of horizontal and vertical velocity within the inertial subrange tends towards zero (this phenomenon results from isotropy of the smallest eddies in a turbulent flow, i.e., they have no preferred directionality); and (3) the ratio of the spectral density of vertical velocity to the spectral density of downstream velocity is approximately 4/3, i.e., S w (n)/S u (n) ഠ 1.33.
To identify the inertial subrange, we applied these three criteria to each of the flow data records. Visual inspection of the output allowed narrowing of the frequency range for analysis to 0.8-3.3 Hz. In this frequency range, there was general agreement between predicted and measured values of the power spectrum slope and cross-spectral densities (Fig. 4) . The mean slope measured through the power spectra ϭ Ϫ1.64 (vs. Ϫ1.67 predicted by theory), and the mean cospectral density ϭ Ϫ0.0005 (vs. 0.0 predicted by theory). The third piece of evidence, the ratio S w (n)/S u (n), does not agree as well, with a mean value of 0.93 in contrast to the predicted value of 1.33. Constraints on eddy structure due to limited water depth during these experiments are probably responsible for this disparity. In depth-limited situations, spectral energy normally present in the vertical dimension will be transferred to the less-constrained horizontal dimensions, thus decreasing the value of S w (n)/S u (n). We conclude that we have correctly identified the lowermost portion of the inertial subrange (the uppermost bound, which is k10 Hz, could not be resolved). To a first approximation, the length scales that determine plume meandering will be related to motions occurring at approximately 0.8 Hz.
Results
Representative data sets-For each plume characterization, time-averaged concentrations, instantaneous concentration time series, and flow velocity time series were collected. Figure 5 illustrates the raw data collected for trial 5 and shows the spatial variation in instantaneous (multiple time series) and time-averaged (histograms) concentration typical of the observed odor plumes. As would be expected, concentration is highest at the plume source and declines downstream and cross-stream in both the instantaneous and timeaveraged concentration measurements. Time series of electrochemical data reveal highly variable temporal distribution of odor packets (concentration spikes). Significantly, meandering of the plume past the sensor can be detected close to the plume source as long periods of high concentration separated by long periods of no odor. Although multiple hydrodynamic data records were collected (one throughout each electrochemical time series), only one data set indicates that flow data were limited to one spatial coordinate. From these, and similar time series for the vertical velocity, estimates of mean advective velocity (U ) and mean shear velocity (U * ) were calculated. Here, we present summary data for trial 5 followed by summary statistics from all six trials. Trial 5 was chosen because the flow speed during this trial is at neither a high or low extreme, and electrochemical measurements were made at 10 spatial locations, thus permitting detailed characterization.
Analysis of flow records-Plume characterizations were completed through the natural range in flow conditions found in this tidal channel. Water depth was between 8 and 40 cm during the six experimental trials (Table 1) . Downstream velocity (U ) ranged over approximately a factor of 10, whereas U * ranged over a factor of 5. These values, including water depth, were used to parameterize the Gaussian model of time-averaged concentration. Spectral analysis of the velocity records indicated the presence of the inertial subrange of 0.8-3.3 Hz. Because the electromagnetic flow probe was positioned just upstream from the plume source, eddies shed from the probe can influence the distribution of odorant. Given a diameter of 1 cm, flow speeds ranging from 3.8 to 35.7 cm s Ϫ1 , and kinematic viscosity of seawater of ഠ0.01 cm 2 s Ϫ1 , the Reynolds number of the probe ranged from 380 to 3,570. The corresponding range of Strouhal numbers for this range of Reynolds numbers is 0.18-0.21 (Vogel 1994) . These Strouhal numbers indicate that vortices will be shed from the probe at a rate of 0.7-7 Hz, depending on flow speed. We saw no indication in the power spectrum of either the flow data or the electrochemical data of anomalous peaks in the data corresponding to frequencies in this range.
Time-averaged concentration profiles vs. Gaussian model-
The form of the measured time-averaged concentration distributions matches that of the Gaussian model for trial 5 (Fig. 6) . The distribution shown in Fig. 6A is typical of all six trials, exhibiting exponential decrease downstream and a bell-shaped cross-stream profile with maximum concentration at the centerline of the plume. Figure 6B shows the corresponding model predictions. A log-log regression of measured vs. predicted concentration produces a slope not significantly different from 1 for all data (Fig. 7: slope ϭ 0.89, P ϭ 0.24). The same result is obtained analyzing each plume individually (experimentwise P Ͼ 0.05 for Bonferroni-adjusted comparisonwise ␣ ϭ 0.05/6). Centerline profiles (Fig. 8) of measured (A) and modeled (B) time-averaged concentration are very similar and decrease exponentially (P Ͻ 0.001 in both cases). There is some discrepancy between the modeled and measured values for any given trial; however, the overall pattern is robust.
Analysis of high frequency concentration measurements-
Distributions of mean concentration, concentration variance, mean peak slope, and mean peak height (Fig. 9A-D) are remarkably similar and bear a qualitative resemblance to the time-averaged concentration profiles (Fig. 6A) . Centerline profiles of normalized concentration, normalized concentration variance, normalized peak slope, and normalized peak height decline exponentially with distance downstream at similar rates ( Fig. 10 , P Ͻ 0.001 in all cases).
Conditional statistics and exceedance probabilities-The distributions of conditionally sampled mean and variance statistics for trial 5 show a high degree of similarity (Fig.  11A,B) and qualitative resemblance to the distribution of time-averaged concentration (Fig. 6A) . Centerline profiles of conditional concentration and conditional concentration variance decrease exponentially with distance from the plume source ( Fig. 12 , P Ͻ 0.001 in all cases). Because of conditional sampling (the removal of samples with concentration below detectable levels), the rate of decay is less than that observed for the time-averaged concentration (Fig. 8) or odor packet properties (Fig. 10) . In general, the intermittency decreases with increasing distance from the plume center and increasing distance from the plume source (Figs. 11C, 12 ). However, in three trials intermittency values measured close to the plume source were relatively low (Fig. 12 ), which appears to be a function of the plume meandering close to the plume source.
It is convenient to express the concentration distribution in terms of the exceedance PDF. This PDF indicates the probability that the odor concentration at a given time and location exceeds some multiple of the local mean concentration for that time series. The distribution of exceedance probability is similar in all plumes and all positions within the plumes. There is a high probability, approaching unity, that the odor concentration at a given time and location is Ͼ1% of the mean concentration (Fig. 13) . In contrast, there is approximately a 10% probability that the concentration at a given time equals or exceeds the conditional mean and a 1% probability that the concentration exceeds 10 times the conditional mean (Fig. 13) .
Discussion
In this field study, we used two approaches to quantify turbulent odor plume dispersal in natural marine habitats. The first relies on statistical methods developed by atmospheric researchers and is based on the spectral properties of the turbulent plume and the conditional sampling of the concentration time series. The second approach focuses on the time-averaged and instantaneous distributions of odor concentration. Specifically, we measured the time-averaged concentration, characteristics of individual odor packets (e.g., peak slope), and conditional statistics in plumes under a variety of natural flow conditions. Each of these distributions is characterized by exponential decrease down the centerline of the plume and a bell-shaped distribution crossstream (Figs. 6-12) , and all show a remarkable degree of similarity to each other. In addition, these empirical distributions seem to be qualitatively and, in some cases, quantitatively similar to model results based on the Gaussian statistical distribution. Even more striking is the degree of overlap in the exceedance PDFs from all locations within and among plumes (Fig. 13) . Turbulent eddy size and plume meandering-Mylne (1992) presented a conceptual model of the formation of a turbulent plume based on its width relative to the eddy length scales present in the turbulent flow. According to this model, when the plume is very narrow as compared with dominant eddy length scales, the entire plume will meander (traverse laterally). As the plume width approaches the dominant eddy length scales, non-odor-laden fluid is mixed into the interior of the plume from the edges. If the plume width exceeds these dominant length scales, vigorous mixing occurs in the interior of the plume.
We estimated the eddy length scales that cause plume meandering by identifying the inertial subrange of eddy sizes in the frequency-power spectra of flow velocity time series. The frequency band at the beginning of the inertial subrange is typically the most energetic and thus represents the dominant eddy length scale responsible for large-scale meandering (Hanna and Insley 1989; Yee et al. 1993a ). This length scale can be estimated by U/n, where n is the dominant energy-containing frequency. Taking the range of velocities in this study (3.8-35.7 cm s Ϫ1 ) and a dominant frequency of 0.8 Hz, eddy length scales responsible for plume meandering range from 5 to 45 cm. Given depth and channel size constraints present during these experiments, this range of eddy length scales is a reasonable first approximation but should not be considered any more than a rough estimate of eddy structure.
Under the conceptual model presented by Mylne (1992) , plumes in these tidal channels should exhibit very little meandering after the first 25-50 cm. For example, the dominant eddy length scale during trial 5 (U ϭ 9.4 cm s Ϫ1 ) was on the order of 12 cm. This plume reached a width of 12 cm well within the first 50 cm (Figs. 5, 6 ). Meandering was evident close to the source during this trial (Fig. 5 , X ϭ 1, Y ϭ 0) as the entire plume moved back and forth over the sensor, causing alternating periods of high concentration followed by zero concentration. This pattern was not evident further downstream. In times of slowest flow, the width of the plume rapidly exceeded the dominant eddy length scales, and no meandering was observed. In the fastest flow, where plumes tend to be straight and narrow, meandering was prevented by limited water depth and the dominance of advection.
Meandering was rarely evident under our field conditions, thus it should not have influenced animal performance in these habitats. For example, blue crabs respond to the presence of odor by moving in an upcurrent direction using rheotaxis, and when the odor signal is lost (because of dilution, plume meandering, or walking out of a plume), the crabs move in the cross-stream direction or hesitate until the plume is recontacted Zimmer-Faust 1993, 1994; Zimmer-Faust et al. 1995) . Mixing lengths estimated in this study are on the order of 5-45 cm, causing small meanders only very near the odor source and resulting in relatively straight and narrow plumes that crabs can follow directly to the source, with few turns or periods of hesitation (Zimmer- Faust et al. 1995; Finelli 1997) . However, in less physically constrained habitats, plume meandering can interfere with olfactory-mediated search by removing the olfactory signal from the organism for long intervals of time. For example, dominant length scales measured in terrestrial habitats used by moths during pheromone communication are on the order of 1-10 m (Mylne 1992; Davidson et al. 1995) . Meandering in these conditions can exist more than 100 m downwind from the plume source (Mylne and Mason 1991) . Thus, the plume may meander away from an orienting moth by many meters, a substantial distance for an animal measuring only a few centimeters in length. This meandering may cause the moth to engage in relatively frequent bouts of counterturning flight while trying to recontact the plume (Murlis et al. 1992; Kuenen and Carde 1994) . Of course other variables will contribute to the overall direction of odor-mediated search (e.g., flow speed and direction, rates of odor dilution, odor filament structure); however, quantities such as the extent of plume meandering that describe the gross form of the odor plume and can be estimated from relatively simple physical measurements should not be discounted in an analysis of odor-mediated search behavior. Unfortunately, flume and wind tunnel studies (and even simplified field studies such as this) often minimize the impact of larger scale plume phenomena.
Intermittency and conditional statistics-Within a turbulent plume, meandering and incomplete mixing of clean water into the plume center result in a patchy distribution of odor-laden water interspersed with clean water. Time periods of zero odor concentration (off-time) play a fundamental role in determining the overall distribution of olfactory information. A unified measure of off-time periods is the intermittency (Fig. 11C) , defined as the proportion of time the concentration exceeds zero (Yee 1990; Mylne and Mason 1991) . The intermittency of a turbulent plume represents a potentially powerful navigational cue to a searching organism, especially when combined with ancillary cues such as flow speed and direction. For example, as an organism moves toward the center of the plume or closer to the odor source, the proportion of time odor is detected above background (intermittency) increases or remains constant (Figs.  11C, 12C ). Blue crabs respond to odor plume in a binary (presence/absence) manner by moving upstream when odor is present and moving cross-stream (or hesitating) when odor is absent Zimmer-Faust 1993, 1994; Zimmer-Faust et al. 1995; Finelli 1997) . Such a locomotory pattern is consistent with an organism that responds to intermittency thresholds. For example, blue crabs may move upstream when intermittency is high and may move crossstream (or hesitate) when intermittency is low Zimmer-Faust et al. 1995) . Such a sampling scheme would require that the animal detect only the presence of odor concentrations above some threshold level sequentially through time. Further study of animal behavior in relation to plume intermittency should elucidate what role this parameter plays in odor-mediated orientation.
Conditional sampling of the turbulent odor plume allows the distribution of instantaneous odor concentration at any point in the plume to be described by a single exceedance PDF (Fig. 13) . The probability distribution presented here is qualitatively and quantitatively similar to PDFs for atmospheric plumes presented by Yee et al. (1993b) . This powerful analysis collapses all of the concentration fluctuation data into a single curve from which stochastic variation in concentration can be incorporated into future models of plume structure. For example, the conditional mean concentration can be predicted using a form of the Gaussian distribution, and instantaneous concentration at a given time step can be stochastically varied using the exceedance PDF. The incorporation of intermittency and hydrodynamic information into models of conditional concentration distributions should yield powerful plume models that can be used for hypothesis testing as our knowledge of olfactory physiology increases. Time-averaged concentration and odor filament properties-Time-averaged concentration distributions are easily measured and match predictions of a standard Gaussian model (Figs. 6-8) . Significantly, the time scales needed to generate such profiles are much longer than those associated with olfactory-mediated search. Under field conditions, highly mobile animals such as blue crabs rarely pause while searching in response to chemical stimuli. Because an entire search path (1-3 m) may take only a few seconds to 1 min to traverse and locomotion is essentially continuous towards an odor source (Zimmer-Faust et al. 1995; Finelli 1997 ), there appears to be little averaging of chemosensory information in time or space. This situation may be quite different for less mobile organisms, such as echinoderms and gastropods; however, there is almost no information concerning the ability of such animals to navigate turbulent plumes, although it is clear that they respond to olfactory cues (Sloan and Northway 1982; Valentincic 1991; Moore and Lepper 1997) .
At time scales more appropriate to animal sensory systems, turbulent odor plumes consist of discrete packets of odor separated by clean fluid (Murlis and Jones 1981) . Under some laboratory conditions and the field conditions studied here, characteristics of these odor packets (e.g., peak slope, peak height) vary consistently within and between plumes (Figs. 9, 10 ) and, thus, have been suggested as directional cues for organisms Atema 1988, 1991; Zimmer-Faust et al. 1988) . Whether the fine-scale properties of odor packets provide information used by navigating organisms depends on the temporal response of olfactory neurons. For example, previous work on neurophysiological preparations of lobster chemosensory receptor cells has shown that discrete odor packets can be discriminated from each other at rates up to 4 Hz (Gomez et al. 1994 ). This rate also corresponds to the frequency at which lobsters sample odor plumes by flicking their antennules (i.e., sniffing) in behaviorally responding to chemical stimuli (Berg et al. 1992 ). Thus, lobsters may obtain information regarding the distance and direction of an odor source from the properties of individual odor pulses that arrive at rates up to 4 pulses s Ϫ1 (Gomez et al. 1994; Gomez and Atema 1996) . However, measurements of specific odor packet properties may require responses by chemosensory receptor cells at higher rates. For example, the rate of change in concentration within an odor filament (i.e., peak slope) has received considerable attention from previous investigators Atema 1988, 1991; Zimmer-Faust et al. 1988) . Given peak lengths on the order of 0.2-0.5 s (the range observed in our current field experiments), one-half of which is on the leading edge, animals would need to differentiate between peak slopes whose total durations (trough to peak) are 0.1-0.25 s. There is currently no evidence to show that any marine animal can (or cannot) measure the peak slope at this time scale. However, at least one experiment has shown that odor signals are integrated by lobster olfactory receptor cells over periods of 0.1-0.2 s (Gomez and Atema 1996) . In addition to the lack of information regarding the temporal response of chemosensory neurons, a potential problem in linking odor packet properties to physiological properties is that studies of odor plumes (including our field experiment) have relied on stationary point measurements of odor concentration. As such, it is unclear whether odor packets and related properties (e.g., peak slope) will remain coherent as an organism the size of a lobster or blue crab moves through the fluid environment, as sensory structures including anten-nules are driven through them at high speeds, or as respiratory currents modify the local flow field (Moore et al. 1994) .
Unfortunately, our current knowledge of olfactory-mediated search is limited to correlative studies of animal behavior and a small number of plume measurements, and in marine systems our knowledge of the time scales over which peripheral and central nervous systems process and integrate chemosensory stimuli is limited to very few studies of crustacean chemoreceptor cells (Gomez et al. 1994; Gomez and Atema 1996) . In addition, we know little about the extent to which odor stimuli are spatially averaged by populations of olfactory cells, by central nervous systems, or by physical processes (e.g., diffusional boundary layers; Cheer and Koehl 1988; Vogel 1983 ) that deliver odors to peripheral receptor neurons. Given our current limited knowledge linking the physics of plume dispersal and the physiology of odor reception, it is premature to assign a great deal of weight to any one measured odor packet parameter or chemosensory processing mechanism. Instead, our current field study shows that the distributions of the time-averaged concentration, odor packet properties, and conditional concentration statistics covary in space over a wide range of hydrodynamic conditions. The overall degree of similarity in these distributions suggests that animals may be able to rely on any number of covarying plume properties that show consistent near-Gaussian distributions. Moreover, we advocate the development of a more general understanding of odor plume dispersal based on combined physical and chemical measurements made at temporal and spatial scales relevant to peripheral and central nervous systems. An approach similar to the one used in our present study might provide new insights on odor packet properties, chemical signal intermittency, and odor plume meandering that can significantly increase understanding about the mechanisms that ultimately regulate odor-mediated search behavior by organisms within natural marine habitats.
